Understanding of gene expression and metabolic, biological, and physiological pathways in ovarian follicular development can have a significant impact on our understanding of the dynamics of follicular atresia or survival. In fact, some oocyte loss occurs during the transition from secondary to early tertiary follicles. This study aimed to understand, by microarray analysis, the temporal changes in transcriptional profiles of secondary and early antral (tertiary) follicles in caprine ovaries. Ovarian follicles were microdissected and pooled to extract total RNA. The RNA was cross-hybridized with the bovine array. Among 23 987 bovine genes, a total of 14 323 genes were hybridized with goat mRNAs while 9664 genes were not. Of all the hybridized genes, 2466 were stage-specific up-and downregulated in the transition from secondary to early tertiary follicles. Gene expression profiles showed that three major metabolic pathways (lipid metabolism, cell death, and hematological system) were significantly differentiated between the two follicle stages. In conclusion, this study has identified important genes and pathways that may potentially be involved in the transition from secondary to early tertiary follicles in goats.
INTRODUCTION
The ultimate goal of in vitro follicle culture is to successfully produce offspring from oocytes grown, matured, and fertilized in vitro. However, this goal has been achieved only in mice recently [1] . In large animals such as pigs, goats, ewes, and buffalo, the best results reported so far were the production of a variable number of embryos from in vitro culture of secondary follicles [2] [3] [4] [5] . The development of an efficient in vitro culture system for large animals requires knowledge of many factors involved in the regulation of folliculogenesis. Our research group has been evaluating the effect of several substances on the in vitro development of preantral follicles in goats [6] [7] [8] , which are important farm animals for many countries [9] . The in vitro culture system should be able to mimic the physiological environment (e.g., hormonal concentrations) when a few follicles in the ovary escape from atresia and continue growth and differentiation. Thus, it is critical to understand the gene expression that renders the right physiological environment during folliculogenesis.
Recent progress has been made in finding the mechanisms controlling early folliculogenesis in goats. Quantitative PCR (qPCR) has been used to study ovarian mRNA expression of hormone receptor genes, such as FSHR, LHR, and GHR [10] , and growth factor genes, such as IGF-I [6] and GDF-9 [11] . Although qPCR analysis is able to provide information regarding a few genes, it cannot provide an overview of all possible genes up-and down-regulated in the developmental changes of folliculogenesis. Thus, such genomic tools as DNA microarrays and genome sequences are necessary in goat studies. Recently, the goat genome was sequenced, assembled, and annotated [12] .
Microarrays have been used to determine gene expression profiling in model eukaryote organisms since 1997 [13] . In studies of follicular and oocyte development, microarray analysis simultaneously presents expression of thousands of genes and elucidates the complex relationship among the numerous interactors. For example, microarray analysis has been used to observe the dynamic changes between follicular growth and oocyte maturation of genes involved in the synthesis of steroids, and ovarian tissue remodeling and apoptosis in over 11 generations of pigs selected for their high ovulation rate and embryo survival [14] . A recent study in mouse and human ovaries demonstrated that gonadotropins regulated natriuretic peptide precursor type C (NPPC)/C-type natriuretic peptide (CNP) expression and confirmed the role of CNP as a potent paracrine oocyte-maturation inhibitor [15] . In a study with the Nobox gene (expressed in oocytes and essential to the oogenesis process) in newborn knockout mice, there was increased expression of genes related to male sex determination, demonstrating that the oocyte suppressed the expression of these genes [16] . In addition, the glial cell linederived neurotropic factor (GDNF) was predominantly produced by germ cells (oocytes) rather than somatic cells, promoted the development of primordial follicles in rat, and mediated paracrine and autocrine interactions of follicular cells during early folliculogenesis [17] . In rats, microarray analysis has demonstrated that the expression of several growth factors changed during primordial follicle development, including vascular endothelial growth factor and insulin-like growth factor II [18] .
The unavailability of a goat genome sequence and genome arrays may have stalled research progress in early goat folliculogenesis. However, cross-species microarray hybridization using available genome tools for a closely related model organism, e.g., bovine genome arrays, has enabled new findings in goats. The success of applying bovine genome arrays to goats [19, 20] provides a new alternative for studying gene expression in a whole-genome scale. Currently there are no studies of gene expression during the development of ovarian follicles in goats. The objective of this study was to fill this void, evaluating, by microarray analysis, the temporal changes of transcriptional profile in secondary and early antral (tertiary) ovarian follicles.
MATERIALS AND METHODS

Collection of Ovaries and Follicle Harvest
The research protocol (#11-007) was approved by the Institutional Animal Care and Use Committee of Southern Illinois University. Ovaries of adult (ages 1-3 yr), nonpregnant, crossbred (Boer and Nubian) goats (Capra hircus; n ¼ 30) were obtained from a local slaughterhouse. Immediately postmortem, the pair of ovaries was washed in 70% ethanol for 10 sec, followed by several rinses in a-Minimum Essential Medium (a-MEM) supplemented with 100 lg/ ml penicillin, 100 lg/ml streptomycin, and 25 mM HEPES. The ovaries were transported to the laboratory at 48C within 1 h [21] .
Before follicle isolation, fat tissue and ligaments surrounding the ovaries were stripped off using 26-gauge needles. Cortical slices (1-2 mm in thickness) were cut off from the ovarian surface using a surgical blade under sterile conditions in a medium consisting of HEPES-buffered a-MEM. Secondary (two or more layers of cuboidal granulosa cells around the oocyte without the presence of antrum; diameter, 100-350 lm) and early tertiary (several granulosa cell layers around the oocyte and the presence of antrum; diameter, 350-600 lm) follicles were visualized under a stereomicroscope (SMZ 645; Nikon) and manually dissected from strips of ovarian cortex using 26-gauge needles. In total, 300 secondary and 300 early tertiary follicles were individually isolated (Fig. 1 , B and C; respectively). Follicles were stored in Eppendorf tubes and kept frozen at À808C until RNA extraction. Follicles in Eppendorf tubes were not pooled until RNA extraction to prevent RNA degradation.
Goat Follicle RNA Extraction
Secondary and early tertiary follicles were pooled to have approximately 100 follicles per follicular stage per extraction, in triplicate. Total RNA was extracted by using the RNeasy Mini Kit (Qiagen) for animal tissue. The elutes of total follicle RNA were treated with 1 ll DNase (1 unit per microliter; Fisher Scientific) for 10 min at 378C to remove genomic DNA and 2 min at 658C to terminate DNase reaction. Quality of the extracted RNA was checked by gel electrophoresis, and quantity was checked by a NanoDrop 1000 spectrophotometer (NanoDrop). The entire total mRNA was intact with high quality, i.e., optical density ratios of 260/280 and 260/230 were between 1.8 to 2.0 and 1.8 to !1.8, respectively. The elutes were aliquoted into 40 ll per aliquot to be used for hybridization with the bovine genome array (microarray analysis). The quantities of RNA extracted from the secondary and early tertiary follicles were 231.0 ng/ml and 473.4 ng/ml, respectively. The RNA samples were shipped out on dry ice for microarray service at the Genomics Facility of Kansas State University (http://www.ksre.ksu.edu/igenomics).
Affymetrix Bovine Genome Array Hybridization
RNA quality was assessed using the 2100 Bioanalyzer (Agilent) prior to hybridization. First-strand cDNA was synthesized, followed by second-strand cDNA synthesis. The cDNA was used in in vitro transcription reaction to generate biotinylated cRNA. The quality of the cRNA was assessed prior to its fragmentation. After fragmentation, the cRNA was evaluated and hybridized with the Affymetrix GeneChip Bovine Genome Array (#900562) using the Affymetrix GeneChip System (Affymetrix). This system can study the gene expression of approximately 24 000 bovine transcripts, based on the International Goat Genome Consortium. Raw data of goat samples were normalized by MAS 5.0 software [22] at the Genomics Facility of Kansas State University, and normalized array data were provided (Supplemental Table SI ; all Supplemental Tables are available online at www.biolreprod.org). The MIAME (Minimum Information About a Microarray Experiment) [23] guideline was followed, and three biological replicates for each developmental stage were used.
Bioinformatics and Microarray Statistics
Three replicates of the normalized array data from secondary and early tertiary follicles were first averaged with SD and SEM. The replicate data were tested with the Student t-test to find the P values for two developmental stages per Affymetrix gene ID (Supplemental Table SII , column F). A P value ,0.01 was deemed significant. Then an M value (log 2 S/T; S, secondary follicle average; T, early tertiary follicle average) was calculated (Supplemental Table  SII , column G).
Since this was cross-species hybridization, the presence or absence of signal for each Affymetrix gene ID was important and recorded, depending on the P value for each gene-expression signal from a t-test against background noise. When P , 0.05, the signal was present and recorded as P. In cases of P . 0.1,
FIG. 1. Expression and morphology of secondary and tertiary follicles. A)
Array data profiled based on gene expression. The overall expression of two developmental stages was similar, plotted in a linear model, but with unique outliers. These outliers were subjected to further analyses. Morphology of secondary (B) and tertiary (C) follicles. Bars ¼ 100 lm.
MAGALHÃ ES-PADILHA ET AL. the signal was defined absent and recorded as A. If the P value was between 0.05 and 0.1, the signal was considered marginal and recorded as M (Supplemental Table SII , columns I and J). Gene ontology (GO) terms were downloaded from Ensembl (www.ensembl.org, release 64 in September 2011). If there was no GO term present in Ensembl, the source sequence of an Affymetrix gene ID (i.e., cDNA or expressed sequence tag) was blasted with blastn (i.e., ''nucleotide blast'' [24] in NCBI [www.ncbi.nlm.nih.gov]) to search for the gene symbol and gene name. As a third source to get GO terms, gene symbols and gene descriptions from the Ingenuity Pathway Analysis were used (see below).
Pathway Analysis
The genes from both secondary and early tertiary follicles, along with the M and P values from t-tests of the three replicates per follicle stage, between two follicle stages, were uploaded to the new core analysis package of Ingenuity Pathway Analysis (IPA) V7.5 software server (www.ingenuity.com) to analyze and map into the most significantly differentiated pathways and functional groups. IPA can automatically find potentially connected interactions from its own database with uploaded gene IDs. Then a P value between significantly regulated (either up-or down-regulated) genes and neutral genes was calculated and assigned to each allocated pathway network. The filter mechanisms in the core analysis were (1) P , 0.01, (2) M . 0.05, (3) two chosen data from both experimental data and high-confidence predicted data (from IPA databases), and (4) Affymetrix bovine genome chip identifiers.
Cluster Analysis
Cluster 3.0 (http://bonsai.hgc.jp/;mdehoon/software/cluster/software.htm) was used for genome-wide expression analysis [25] , and the results were visualized and displayed by Java TreeView (http://jtreeview.sourceforge.net) [26] . Six sets of raw data (three from secondary follicles and three from early tertiary follicles; Supplemental Table SI) were uploaded to Cluster 3.0. The filter parameter for genes was 80% cutoff. A hierarchical method was used to cluster both genes and arrays; centered correlation was applied and average linkage was employed. Three heat maps were selected based on their genes being expressed significantly more (P , 0.001) in one stage than the other and their importance in folliculogenesis.
GO Analysis
AgriGO (http://bioinfo.cau.edu.cn/agriGO) was used for GO analysis [27] of all the expressed genes from secondary and early tertiary follicle stages. Singular Enrichment Analysis (SEA) in AgriGO for Bos taurus species and the Bovine Affymetrix Genome Array were used as references to perform the analysis. The results were generated and displayed (Supplemental Table SII) . GO terms were represented as boxes containing a detailed description and organized and connected based on their relationship. Further information, such as gene description and protein domain annotation, was also available for all the expressed genes in AgriGO (Supplemental Table SIII-SX) . In addition, font and rank directions of the tree were customized. Elaborate graphical output was generated to enable us to explore molecular function in an intuitive way. In general, Affymetrix microarray data are reproducible and need no qPCR confirmation [28] .
FIG. 2.
Overview of differential gene expression between secondary and tertiary ovarian follicles in a Venn diagram. Expressed genes were grouped into two categories weakly (left half) and strongly (right half) expressed. Strong expression means the expression level is above the genome average and weak expression means it is below the genome average. Top 10 representative genes from six categories were listed in boxes with their M value. M value was the log2 ratio of secondary follicle/tertiary follicle expression.
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RESULTS
Cross-Species Hybridization Between Bovine Genome Chips and Goat Follicle RNA of Two Developmental Stages
As used for mammary tissue in previous studies by Ollier et al. [20, 29] , Affymetrix bovine genome arrays could be applied to secondary and early tertiary goat ovarian follicles (see Supplemental Table SI for the normalized data for both follicle stages with three replicates each). The transition from secondary (Fig. 1B) to early tertiary (Fig. 1C) follicles was evidenced by gene expression and morphological changes such as the antrum formation. The majority of expressed genes were plotted within a linear model indicating that the two follicle stages shared a lot of similarities, but there were few outliers indicating unique expression differences in the development of the two follicle stages (Fig. 1A) .
Expression Profiling
Three lines of refinements were applied in the expression profiling to prevent false positives and false negatives. First, based on t-test analyses for each gene expression, 516 expressed genes were different (P , 0.01) between secondary and early tertiary follicles. Second, M values were presented as a log2 ratio of secondary follicle divided by tertiary follicle expression to highlight up-and down-regulated genes (Supplemental Table SII) . Third, signals between the two developmental stages and among three replicates (i.e., A, P, and M), were recorded for comparison (Supplemental Table  SII , columns I and J). Only the expressed genes with at least two same-letter indicators (i.e., AA, AAA, PP, or PPP) were considered along with their P and M values.
Among 23 987 bovine Affymetrix gene IDs, 14 323 genes were hybridized with goat RNAs and expressed, while 9664 genes were not. Therefore, approximately 60% of the bovine Affymetrix gene IDs were expressed in these two developmental follicle stages (secondary and early tertiary) in goats (Fig. 2) . These two stages shared approximately 82.3% similarity in their expression profiling (i.e., 7702 þ 4155 ¼ 11857; 11857/14323 ¼ 82.3%). The remaining 2466 genes (i.e., 1039 þ 1417 þ 4 þ 6 ¼ 2466) were stage specific (Supplemental Table SI ). In order to search for hidden differentiation or similarity, expression pattern was divided into two categories-strong or weak. Microarray fluorescence intensity was normalized using MAS scaling (MAS 5.0). The top and bottom 2% of raw fluorescence intensity values were removed from each array, and the average fluorescence intensity (AFI) was calculated from the remaining values for that microarray. Raw fluorescence intensity values were then scaled to 100 normalized fluorescence units by multiplying each raw value by a normalization factor of 100/AFI. This calculation was done individually for each microarray so that normalized (scaled) fluorescence units could be compared between microarrays. The average of genome expression was 800 normalized fluorescence units (based on all the genes expressed in all the six arrays); thus, strong expression referred to the expression level above the average genome expression, while weak expression referred to the level below the average. There were up to 59.7% expressed genes shared by the two follicle stages; however, a suite of genes was found up-and down-regulated in the transition from secondary to early tertiary follicle. The top 10 genes in both follicle stages in five categories are listed (Fig. 2) . Among this suite of genes, some are related to lipid metabolism, signaling, and transcription factors, and the others are related to oncogenes and cell death/ apoptosis inhibition (Supplemental Table SIII-SV) .
Genome-Wide Coexpression Analysis
All the 14 323 expressed genes were clustered based on coexpression. A suite of genes was identified to be coexpressed with the four currently known genes-follistatin, NDUFS1 (NAD dehydrogenase), IGF1, and DEPDC7 (DEP domain containing 7)-involved in secondary and early tertiary follicle development (Fig. 3) . Follistatin is an autocrine glycoprotein 
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that is expressed in nearly all tissues of higher animals, and its primary function is the binding and bioneutralization of members of the TGF-b superfamily, with a particular focus on activin [30, 31] . NDUFS1 is an NADH dehydrogenase (ubiquinone) Fe-S protein 1 and an important member of the mitochondrial inner membrane complex I in the electron transport chain [32] (Fig. 3A) . A protein of similar function, NDUFS4, and MRPL43 (mitochondrial ribosomal protein L43) also were coexpressed with NDUFS1. IGF-I (Fig. 3B) , also called Somatomedin C, is a peptide growth factor that has a high degree of structural homology with proinsulin. This factor has been proven to regulate ovarian follicular growth and atresia [33, 34] . DEP domain containing protein 7 (DEPDC7) is a globular protein domain of about 80 amino acids that is found in over 50 proteins involved in G-protein signaling pathways. DEPDC7 is involved in intracellular signal transduction; when mutated, the Wnt (wingless) signaling pathway, a network of proteins best known for their roles in embryogenesis, cancer, and normal physiological processes in adult animals, is disrupted [35] (Fig. 3C) . Interestingly, in the same cluster as IGF-I, RSPO3 (R-spondin 3) activates Wnt signaling in Xenopus myogenesis [36] (Fig. 3B) .
Different Metabolic Pathways in the Transition from Secondary to Early Tertiary Follicles
Among all the expressed genes, 8165 genes were found to have known pathways, but 6478 genes had no assigned pathways. Among known pathways, five major metabolic pathways (by the definition of IPA) were found to be significantly differentiated between secondary and early tertiary follicles. They were (1) lipid metabolism, small FIG. 4 . Pathway interaction network analyses based on IPA. Lipid metabolism, small molecule biochemistry, and cell death pathways. Each network was displayed with nodes (i.e., genes/gene products) and edges (i.e., the biological interacting relationship between nodes). Solid lines indicate direct interactions between nodes, and dashed lines indicate indirect relationships. The color intensity of the nodes refers to fold changes of increase (red) or decrease (green). The color gray means neither up-regulated nor down-regulated in the nodes, and the color white refers to the nodes that are user specific but are added into the networks because of other associated nodes. The shapes (for path designer and network) of the nodes refer to different functions defined by IPA. See also Supplemental Table SVI. GENE EXPRESSION DURING FOLLICULOGENESIS molecule biochemistry, cell death ( Fig. 4 ; see Supplemental Table SVI); (2) cellular movement, inflammatory response, hematological system development and function ( Fig. 5 ; see Supplemental Table SVII); (3) cardiovascular system development and function, cell death, skeletal and muscular system development and function ( Fig. 6 ; see Supplemental Table SVIII); (4) molecular transport, cancer, cell death ( Fig. 7 ; see Supplemental Table SIX); and (5) lipid metabolism, small molecule biochemistry, molecular transport ( Fig. 8 ; see Supplemental Table SX ). The identification of the genes related to pathways 1-5 has been supplied (Supplemental Table  SVI -X, respectively). In summary, the predominant gene expressions related to the pathways were for lipid metabolism, cell death, and hematological system.
GO Analysis
Based on GO analysis and molecular function category, oxidoreductase activity was the only function found to be significant (P , 0.05) in secondary follicles (Fig. 9A) . However, in tertiary follicles six other functions were significant (Fig. 9B) . Four of the six functions were related to transcription, such as transcription factors and suppressors (P , 0.005; yellow boxes in Fig. 9B ), and transcription regulators and factor binding (P , 0.05). The remaining two of the six functions were DNA binding and receptor binding, which also occur in the metabolic pathways in transport signals and small molecules (Figs. 4, 7, and 8) .
DISCUSSION
Due to the unavailability of goat genome arrays, bovine arrays with 8329 unique genes have been successfully adapted and applied in goat mammary tissues by Ollier et al. [20, 29] . Later, two other research groups also applied bovine genome microarrays of 23 232 probes to goat mammary studies [19, 37] . The present study demonstrated the feasibility of applying bovine genome microarrays of 24 000 bovine transcripts to goat ovarian follicle studies. It showed, for the first time, detailed gene expression of the ovarian follicles in goats, specifically in secondary and tertiary stages. The study demonstrated that although most of the genes expressed were common between the two follicle stages, some genes were specific for each stage. The findings of this study might help in the design of a sequential medium appropriate for in vitro culture based on the substances required in each early follicle Table SVII. MAGALHÃ ES-PADILHA ET AL.
stage, and ultimately might help to improve in vitro growth, maturation, and fertilization rates of oocytes from preantral follicles.
The developmental stages of follicles have been defined [6, 7] as primordial (one layer of flattened granulosa cells around the oocyte), primary (one layer of cuboidal granulosa cells), secondary (two or more layers of cuboidal granulosa cells around the oocyte without presence of antrum), and early tertiary (several layers of granulosa cells around the oocyte and presence of antrum) follicles. The developmental transition from secondary to early tertiary follicles is marked by morphological changes, proliferation and differentiation of granulosa cells, and the formation of an antral cavity, which is characterized by the presence of the follicular fluid that contains substances secreted by oocyte and granulosa cells, especially transudate of blood plasma [38] . The development of preantral follicles is primarily controlled by intraovarian regulators (e.g., growth factors, cytokines, and gonadal steroids) and does not require gonadotropins for growth, although it is also stimulated by the presence of FSH and LH in the in vitro culture medium [7, 8, 39] .
Gene expression of three cell death-related pathways was found in the transition from secondary to early tertiary follicles in the current study, for example: cell death, lipid metabolism, and hematological system. According to cell death, the most expressed genes found in the present study in secondary follicles were related to apoptosis activation (CIDEA), assembly and stability of cytoskeleton (MAP1B, MAPT), transcription factor to cell growth and differentiation-interaction with IGF2R (CREG1), control of oxidative stress (OGG1), tight junction at apical surface of epithelial cells (CRB3) and enzymes responsible by citrate (CLYBL), AMP (ADSSL1), ascorbic acid production (CYB5B), and removal of urea from the cells (CPS1). In tertiary follicles, most of the expressed genes in the cell death-related pathways were related to membrane trafficking, intracellular motility, organelle biogenesis (SPG7), microtubules formation-cell organelles organization (TUBB1), biosynthesis of phospholipid (ETNK2), NADP (NADK), inductor of caspase-dependent apoptosis when overexpressed (MUL1), microtubules (Tubulin), and DNA replication and repair (TYMS). Apoptosis is a process genetically determined and dependent on pro-(Bax, Bak, Bok, and Diva) and anti-apoptotic (Bcl-2, Bcl-xL, Bcl-w, Mcl-1, 
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Boo, and surviving) gene expression. It is characterized by DNA fragmentation in each of 180-200 base pairs and apoptotic body formation. The Bcl-2 and Bax expression is found in the granulosa cells of ovaries [40, 41] . In the ovary, surviving acts in granulosa cells by regulating the cell cycle as well as inhibiting the apoptosis [42] . Intrinsic mechanisms and extrinsic factors can mediate the apoptosis process [43] , such as oxidative stress, irradiation, activation of gene promoters of apoptosis, damage to DNA, cytokines, viral coat proteins, or the withdrawal of cell growth factors [44] . Caspase activation through cell death receptors (extrinsic factor) is mediated by a subset of the tumoral necrosis factor (TNF) [45, 46] . The intrinsic pathway involves the mitochondria with the release of cytochrome-c into the cytosol and formation of large pore channels that allow the passage of molecules [47] .
Another pathway-lipid metabolism-could be essential in the transition from secondary to early tertiary follicles. This transition includes differentiation and proliferation of granulosa, theca, and stroma cells. This process and its regulation are still poorly understood. However, lipid oxidation products by cytochrome p450 are likely to play a critical role in preovulatory follicles [48] . Most hormones secreted by granulosa cells, such as estradiol, progesterone, and testosterone, originate from cholesterol, a steroid lipid. Understanding cellular sterol metabolism in the ovary is a complex process because of the wide variety of cell types and steroids produced, hormonal changes during the reproductive cycle, and compartmentalization. In this context, the thecal and luteal cells are exposed to all lipoprotein classes, whereas the basement membrane restricts access by granulosa cells to the full complement of lipoproteins found in blood circulation [49] . In the lipid metabolism pathway, the most-expressed genes found in the present study in secondary follicles were related to secretion of plasma lipoproteins (apolipoprotein B) (MTTP), receptor mineralocorticoid (aldosterone, androgen, progesterone, and others; NR3C2) and transcription factor, a nuclear receptor required for the development of the hypothalamicpituitary-adrenal-gonadal axis (NROB1). In tertiary follicles, most of the expressed genes in the lipid metabolism pathway were related to lipid biosynthesis (FADS2), phosphorylation of protein, and regulation of insulin action (PTPRE) and protein G receptor (ADORAI).
The hematological system pathway was also highlighted as very important in secondary and early tertiary follicles. Blood vessel formation plays an essential role in the female's reproductive system. In secondary follicles, the theca cell layer contains just a few blood vessels, and the paracrine mechanism is extremely important for the survival and development of this Table SIX. MAGALHÃ ES-PADILHA ET AL. type of follicle. Subsequently, during the antrum formation, follicles become surrounded by a capillary network, which promotes the nutrition of both these cells and granulosa cells [50] . In this stage, the follicles become very dependent on endocrine factors and, consequently, more fragile when undergoing atresia [51] . The ovarian blood supply is formed according to the estrous cycle/menstrual stage. In women, during the menstrual cycle, small primordial follicles do not have their own blood supply (capillary system) and are dependent on stroma vessels [52] . With progressive growth, the primary follicles start to develop around one or two arterioles, and the acquisition of vessels is established around the theca cells. The establishment of the vascular system in the follicles coincides with the period of rapid growth and differentiation, which is correlated to increased sensitivity and/or dependence of gonadotropins [53] .
In the present study, NDUFS1 and ubiquinone cytochromec oxidoreductase expression profiles increased from secondary to early tertiary follicles (Supplemental Table SII ). These enzymatic complexes are involved in aerobic metabolism and are called complex I and III, respectively. Normally, in the electron transport chain, complex IV (cytochrome oxidase) converts molecular oxygen to water through an oxidationreduction reaction [54] . However, under transient conditions, the electrons that pass down the electron transport chain combine with molecular oxygen at complex I and III, producing superoxide anion radical (O 2 À ). In addition, an increase in the expression of superoxide dismutase (SOD) and lactate dehydrogenase (LDH) genes was observed in early tertiary follicles (Supplemental Table SII , and H 2 O 2 through the uncoupling of electron transfer from complex IV to complex I and III. The increased consumption of molecular oxygen by these complexes to produce ROS causes transient hypoxia, and the follicular cells overexpress LDH, an enzyme related to anaerobic metabolism. Cellular ROS has been implicated in the initiation of developmental and differentiation events [55, 56] . There is increasing evidence that ROS can function as second messengers in mammalian cells [57, 58] to regulate signal transduction pathways that control both gene GENE EXPRESSION DURING FOLLICULOGENESIS expression and posttranslational changes of proteins [59, 60] involved in cell function, growth, differentiation, lipid oxidation, and death [61] . ROS have been recognized as key molecules, which can selectively modify proteins and regulate cellular signaling including apoptosis. Cell death may be initiated intrinsically by the mitochondrial pathway or extrinsically through membrane-associated death receptors in response to different stimuli [62] .
The expression of the IGF-I encoding gene decreased from the secondary to tertiary follicle stage as demonstrated by the microarray analysis. This finding confirms that IGF-I regulates the early stages of oocyte and preantral follicular development and has a positive effect on antrum formation, as recently demonstrated in goats [6] . In addition, the mRNA and proteins of IGF-I are expressed in different follicle compartments (i.e., cumulus-oocyte complex, mural granulosa, and theca cells) at various stages (primordial, primary, secondary, and antral follicles) of follicular development in goats [11] .
In conclusion, a detailed gene expression profile of goat secondary and early tertiary follicles has been presented for the first time. The results could provide tentative and indicative gene markers for normality of follicular growth. The gene expression findings can also help us to identify the needs of ovarian preantral follicles to establish an in vitro culture system in goats. The identification of qualitative and quantitative alterations of major biological functions and the expression of individual genes in secondary and early tertiary follicles seem to be associated with the survival and development of caprine preantral follicles. Finally, the microarray analysis has identified three important biological pathways that may potentially be involved in the transition from secondary to early tertiary follicles and has helped to better understand the role of ROS in this process.
